Species of the genus Prototheca are achlorophyllous algae and ubiquitous in nature, and so far, six species have been listed in this genus: Prototheca wickerhamii, Prototheca zopfii, Prototheca blaschkeae, Prototheca cutis, Prototheca stagnora and Prototheca ulmea. A strain of the genus Prototheca, IFM 53848
INTRODUCTION
Species of the genus Prototheca are achlorophyllous algae closely related to Chlorella and ubiquitous in nature (Tubaki & Soneda, 1959; Pore et al., 1983) . Currently, six species are included in the genus Prototheca: Prototheca wickerhamii, Prototheca zopfii, Prototheca blaschkeae, Prototheca cutis, Prototheca ulmea and Prototheca stagnora (Roesler et al., 2006; Satoh et al., 2010; Roesler, 2011) . The first four species have been shown to cause infections in animals, such as cattle and dogs (Frank et al., 1969; Hollingsworth, 2000; Jánosi et al., 2001; Stenner et al., 2007) , and humans (Matsuda & Matsumoto, 1992; Lass-Flörl & Mayr, 2007; Todd et al., 2012) . Recently, an increasing number of human cases of protothecosis have been reported, including opportunistic infection in immune-compromised individuals (Todd et al., 2012) . Clinical diagnoses of protothecosis had traditionally been made by histopathological examination of affected tissues and morphological and biochemical examinations of the isolated organism (Matsuda & Matsumoto, 1992; Lass-Flörl and Mayr, 2007) . However, these phenotypic analyses often generated ambiguous results, making it difficult to determine the causative species of Prototheca (Casal et al., 1997; McMullan et al., 2011) .
More recently, molecular characterization of the rRNA gene (rDNA) has been exploited for the identification of species of the genus Prototheca, and the phylogenetic analysis based on nucleotide sequences of the D1/D2 region of LSU rDNA is usually used. Our previous studies have shown that comprehensive analysis by PCR of the SSU rDNA, internal transcribed spacer (ITS) and the LSU D1/D2 region is also useful for identification of species of the genus Prototheca (Hirose et al., 2013) . In addition, an increasing number of studies demonstrate that matrix assisted laser desorption ionization time-of-flight mass spectrometry (MALDI-TOF MS) could be applied to the identification of species and genotypes of Prototheca (von Bergen et al., 2009; Ahrholdt et al., 2012; Murugaiyan et al., 2012; Wirth et al., 2012) .
In this study, a strain of Prototheca, IFM 53848
T , isolated from a systemic protothecosis patient in Japan was characterized by phenotypic and molecular analyses. Although IFM 53848 T had previously been designated as P. wickerhamii (Miura et al., 2005) , our results indicate that the strain uniquely has group I introns in the SSU rDNA and is more closely related to P. cutis than to P. wickerhamii. In addition, the ITS sequence and MALDI-TOF MS results, as well as the growth temperature and carbon assimilation profile, revealed that IFM 53848 T could be clearly distinguished from P. cutis, strongly suggesting that the strain represents a novel species.
METHODS
Strains of species of the genus Prototheca. The strains of species of the genus Prototheca used in this study are listed in Table 1 . Among these, IFM 53848
T was originally isolated in 2001 from a patient with systemic protothecosis in Hiroshima, Japan (Miura et al., 2005) . In addition to multiple cutaneous lesions, foci of protothecal infection were found in the patient's visceral organs. The isolate had originally been identified as P. wickerhamii (Miura et al., 2005) DNA and RNA analyses. Genomic DNA was extracted from Prototheca cells grown on PDA, with a Dr GenTLE kit (Takara Bio) according to the manufacturer's instructions. PCR was performed by using KOD Plus DNA polymerase (Toyobo) with 30 cycles of 10 s at 98 uC, 30 s at 55 uC and 3 min at 68 uC. The primers used were: SSU-F1 (59-AACCTGGTTGATCCTGCCAGTAGTC-39) and SSU-R1 (59-TGATCCTTCTGCAGGTTCACCTACG-39) for amplifying the SSU rDNA (Xiao et al., 1999) ; ITS5 (59-GGAAGTAAAAGTCGTAA-CAAGG-39) and ITS4 (59-TCCTCCGCTTATTGATATGC-39) for the ITS (White et al., 1990) ; 28SF1 (59-AAGCATATCAA-TAAGCGGAGG-39) (Ebihara et al., 2009 ) and 635 (59-GGTCCGT- 
A. protothecoides
Sap from wounded Populus alba (Germany) SAG 211-11b GTTTCAAGACGG-39) (Guého et al., 1990) for the D1/D2 region of the LSU rDNA. PCR products were analysed by agarose gel electrophoresis, and the results are shown in Fig. S1 (available in the online Supplementary Material).
For determining the SSU rRNA sequence of IFM 53848 T , total RNA was extracted by the glass-beads method with RNA-Bee reagent (Tel-Test) and reverse-transcribed by using a ReverTra Dash kit (Toyobo) with random hexamer primers, according to the respective manufacturers' protocols. The cDNA product was then amplified by PCR as described above with SSU-F1 and SSU-R1 primers.
Nucleotide sequencing reactions were performed with a BigDye terminator cycle sequencing kit (Applied Biosystems) according to the manufacturer's instructions. The reaction products were columnpurified (DyeEx 2.0 spin kit; Qiagen) and analysed with a PRISM 3130xl genetic analyser (Applied Biosystems). For direct sequencing of the PCR products, the PCR primers described above were also used as the sequencing primers. For sequencing the SSU rDNA of IFM 53848 T , PCR products were cloned in pT7Blue (Novagen), and the nucleotide sequences of the cloned DNA were determined by using conventional M13 (221) and RV primers and the additional primers SSU3 (59-GCCTGAGAAACGGCTACCAC-39), SSU4 (59-CCAGAC-CCAGCAGACGTAGAG-39), SSU5 (59-GTGGTAGCCGTTTCTC-AGGC-39), SSU6 (59-CTCTACGTCTGCTGGGTCTGG-39), SSU7 (59-ACCAACCAGAAAGAATTGGTCG-39) and SSU8 (59-TCCGCT-CGAACTACCGTCTC-39).
Phylogenetic analysis. Nucleotide sequences were aligned and trimmed by CLUSTAL W and TrimAl (with the 'Automated1' option), respectively, at the Phylemon2 website (http://phylemon2.bioinfo.cipf. es/index.html). The sequence data generated were subjected to the model test for selecting the best substitution model based on Bayesian Information Criterion scores. According to the selected model, the phylogenetic trees were built by the maximum-likelihood method with the bootstrap test (1000 replicates). The model test and phylogenetic tree generation were both performed using the MEGA software package (v. 6.0; http://www.megasoftware.net/; Tamura et al., 2013) .
RNA secondary structure. Preliminary secondary structural models of the sequences inserted in the SSU rDNA of IFM 53848 T were predicted by using the UNAFold Web Server [http://unafold.rna. albany.edu/; Zuker, 2003) and then manually modified and optimized by referring to previous studies of group I introns (Burke et al., 1987; Cech et al., 1994; Machouart-Dubach et al., 2002; Machouart et al., 2004; Xu et al., 2013) .
MALDI-TOF sample preparation and measurement. For obtaining the data to be added to the reference database, type strains of various species of the genus Prototheca were grown for 10 days on PDA at 30 uC (P. wickerhamii, P. cutis, P. zopfii and P. blaschkeae) and 25 uC (P. stagnora and P. ulmea). Auxenochlorella protothecoides and Chlorella vulgaris were similarly cultured at 25 uC. Peptide extraction from the colonies was carried out according to the manufacturer's recommended protocols (Bruker Daltonics) with some modifications. In brief, the cells taken from the colonies were suspended in 150 ml of water, and 450 ml of absolute ethanol was added. After incubation for 10 min at room temperature followed by centrifugation at 13 400 g for 2 min, the supernatant was removed. The resulting airdried pellet was added with 100 ml of sterile zirconia/silica beads and dissolved in 20 ml of 70 % formic acid and 20 ml acetonitrile. The suspension was agitated by a Vortex mixer for 60 s and centrifuged at 13 400 g for 2 min. Then, 0.7 ml of the clear supernatant was spotted in octuplicate onto the MALDI target (MTP AnchorChip; Bruker Daltonics). After air-drying, each sample was overlaid with 0.7 ml of a-cyano-4-hydroxycinnamic acid matrix solution. The MALDI-TOF measurement for the database generation was carried out in the linear mode by Microflex LT (Bruker Daltonics) in the automatic mode to obtain 24 spectra for each reference strain. Peaks in the m/z range of 2.0-20.0 kDa were detected using MALDI BioTyper RTC software (v. 3.1; Bruker Daltonics) following base-line correction (TopHat algorithm) and smoothing (Savitzky Golay algorithm) of the peaks. The test samples were prepared and measured similarly except that the peptide-containing supernatants were spotted in duplicate for each strain. MALDI-TOF MS data of the test samples were searched against the reference database to which spectral information for type strains of species of the genus Prototheca and two other algal strains was added, and the MALDI Biotyper scores were calculated. A dendrogram was reconstructed from the MS data by using MALDI Biotyper OC software (v. 3.1; Bruker Daltonics).
RESULTS AND DISCUSSION
Phenotypic characterization of Prototheca strain IFM 53848 T On PDA, IFM 53848
T formed glistening round colonies, which resembled those of P. wickerhamii and P. cutis (Fig. 1a) . On CAC, it generated white to whitish-grey Candida-like colonies, which turned into a light blue mass at 37 uC (data not shown). At 25 and 30 uC, the colonies of IFM 53848 T on PDA were smaller than those of P. wickerhamii and P. cutis (Fig. 1a) . On the other hand, IFM 53848
T generated larger colonies than P. wickerhamii at 37 uC, whereas P. cutis failed to grow into visible colonies at this temperature (Fig. 1a) . Growth of IFM 53848 T was also demonstrated at 40 uC (Fig. 1a) and 42 uC (data not shown) where neither P. wickerhamii nor P. cutis grew at a detectable level.
Microscopically, cells of IFM 53848 T , P. wickerhamii and P. cutis looked similar to each other with a spherical to subspherical shape and comparable sizes (Fig. 1b) . Formation of sporangia, which contained two, four, eight or a larger number of sporangiospores, was commonly observed for these three strains (Fig. 1b) . The sporangiospores appeared to be arranged in a shape similar to spoked wheels, daisy petals or morulae depending on the number of the spores (Fig. 1b) . Sizes of 45 to 50 sporangia of P. wickerhamii IFM 56739 T , P. cutis JCM 15793
T and IFM 53848 T were measured, and the means were calculated to be 9.5, 9.1 and 9.4 mm in diameter, respectively, with no statistically significant difference.
Biochemical tests with API 20C AUX revealed that IFM 53848 T , like P. wickerhamii and P. cutis, assimilated glucose, glycerol, galactose and trehalose, generating the code number of 6040040 (identification as P. wickerhamii with 99.9 % probability). Biochemical tests were also performed by using BBL Crystal GP and E/NF kits previously used for characterizing strains of species of the genus Prototheca (Roesler et al., 2006) , and the results indicated that IFM 53848 T did not assimilate fructose or lysine after 72 h of incubation at 30 uC, whereas P. wickerhamii and P. cutis did. Intriguingly, IFM 53848 T and P. cutis were shown by API 20C AUX to assimilate glycerol, but not by using BBL Crystal kits. It was also shown that IFM 53848 T required thiamine for growth and was sensitive to CH. 
PCR analysis of rRNA gene
As it was previously shown that PCR analysis of the rRNA gene is useful for identification of species of the genus Prototheca (Hirose et al., 2013) , we amplified the SSU rDNA, the ITS and the D1/D2 region of the LSU rDNA of IFM 53848 T and various other strains of species of the genus Prototheca for comparison (Fig. S1 ). The ITS of IFM 53848 T (Fig. S1 , ITS, lane 3) was shown to be smaller than that of P. wickerhamii (Fig. S1, ITS, lanes 1 and 2) , confirming results of the previous study (Hirose et al., 2013) . In addition, the SSU rDNA of IFM 53848
T was demonstrated to be about 3.6 kb long (Fig. S1 , SSU, lane 3) and clearly larger than that of P. wickerhamii or any other strain of known species of the genus Prototheca (Fig. S1, SSU, lanes 1, 2 and 4 to 10) . The size of the D1/D2 region of the LSU rDNA of IFM 53848 T (Fig. S1 , LSU D1/D2, lanes 3) was shown to be smaller than that of P. wickerhamii (Fig. S1 , LSU D1/D2, lanes 1 and 2), but comparable to those of the other species of the genus Prototheca (Fig. S1 , LSU D1/D2, lanes 4 to 10).
Sequence and phylogenetic analyses of rRNA gene
It is generally accepted that phylogenetic analysis using the nucleotide sequences of the D1/D2 region of the LSU rRNA gene is useful for identification of species of the genus Prototheca. Accordingly, it was mentioned in a previous report by Miura et al. (2005) P. wickerhamii. However, our phylogenetic analysis (Fig. 2) revealed that the D1/D2 sequence of IFM 53848 T determined in this study was more closely related to that of P. cutis (Satoh et al., 2010) . Retrospectively, it is likely that the close relationship between the D1/D2 sequences of IFM 53848 T and P. wickerhamii SAG 263-11 observed before the discovery of P. cutis in 2010 led to misidentification.
We also determined the sequence of the unusually large SSU rDNA of IFM 53848 T . Compared with the sequence of the RT-PCR product of SSU rRNA of IFM 53848 T , the SSU rDNA had insertions of 454 bp, 473 bp, 396 bp and 489 bp at positions S516, S1052, S1199 and S1389, respectively (Fig. 3a) , suggesting that they are group I introns. The secondary structures of RNA transcripts that were deduced, corresponding to the insertions at S516 and S1199, were compatible with those of the subgroup IE of group I introns (Fig. 3b) , whereas the insertions at S1052 and S1389 most likely belong to the subgroup IC1. While the green algae are known to be rich in rDNA group I introns (Bhattacharya et al., 1996) , IFM 53848 T , to our knowledge, is the first example of an achlorophyllous strain of a species of the genus Prototheca bearing group I introns in the rDNA.
Like the D1/D2 sequence, the exon sequence of the IFM 53848 T SSU rDNA was closely related to that of P. cutis (Fig. 4) . Incidentally, we also determined the rDNA sequences of IFM 54820, the strain isolated from a cutaneous protothecosis patient in Japan (Yamada et al., 2010) . This strain was originally designated P. wickerhamii (Yamada et al., 2010) and has been deposited as Prototheca sp. at the Medical Mycology Research Centre, Chiba University. The D1/D2 and SSU sequences of IFM 54820 were almost identical to those of P. cutis (Figs 2 and 4 , respectively). In addition, the ITS sequences of IFM 54820 and P. cutis were very similar to each other 
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Prototheca wickerhamii Prototheca zopfii var. hydrocarbonea RND16 (AB097095) Fig. 2 . Evolutionary relationships of the nucleotide sequences of the LSU D1/D2 region. Sequences of the accession numbers with an asterisk were determined in this study. Evolutionary analyses were conducted in MEGA 6 (Tamura et al., 2013) , and the evolutionary history was inferred by using the maximum-likelihood method based on the Tamura 3-parameter model (Tamura, 1992) . Additionally, a discrete Gamma distribution was used to model evolutionary rate differences among sites. The rate variation model allowed for some sites to be evolutionarily invariable, and the tree with the highest log-likelihood is ( Fig. 5) . Therefore, it is most likely that IFM 54820, which had been designated P. wickerhamii, should be redesignated P. cutis. In contrast, the ITS1 and ITS2 sequences of IFM 53848 T was considerably different from those of P. cutis and IFM 54820 (Fig. 5) .
Comparison of IFM 53848
T and other Prototheca strains by MALDI-TOF MS Fig. 6(a) shows the specific spectral fingerprints of IFM 53848 T and IFM 54820 compared with those of Prototheca and other strains of known algal species. While the spectrum of IFM 54820 was highly similar to that of P. cutis, IFM 53848
T generated a spectrum with an apparently different peak profile. Consistently, the Biotyper score value (0.654) of IFM 53848 T against P. cutis was considerably lower than that between IFM 54820 and P. cutis (2.479) ( Table 2 ). It should be noted that the score values between the two genotypes of P. wickerhamii and P. zopfii were higher than 0.654. A dendrogram based on the MS data also demonstrated a close relationship between IFM 54820 and P. cutis, while IFM 53848
T was found on a separate branch (Fig. 6b) . The distance between IFM 53848 T and P. cutis appeared to be comparable with that between P. zopfii and P. blaschkeae.
Proposal of Prototheca miyajii sp. nov.
Traditionally, Prototheca isolates were identified based on phenotypic characteristics, such as macroscopic and microscopic morphologies and carbon assimilation profiles. Although genotypic characterization of the rDNA has been exploited in addition to these traditional methods, systematic criteria for classifying species of the genus Prototheca have not yet been established. Since IFM 53848 T was reported (Miura et al., 2005) before the discovery of P. cutis (Satoh et al., 2010) , it is not unreasonable that the database search by using only the D1/D2 sequence led to identification as P. wickerhamii. If the PCR analyses of the SSU rDNA and ITS had also been performed, the difference between IFM 53848 T and P. wickerhamii might have been recognized.
Phylogenetic analyses based on the LSU D1/D2 and the SSU exon sequences showed a close relationship between IFM 53848 T and P. cutis, and the presence of group I introns in the rDNA is not necessarily considered as a criterion for an independent species. However, collectively the differences in the temperature sensitivities, the abilities to assimilate fructose and lysine, and the ITS sequences, as well as the phylogenetic distance shown by MALDI-TOF MS indicate that IFM 53848 T should be classified as a T , the exon sequences were joined together and used for analysis.
The phylogenetic tree was reconstructed and drawn as described for Fig. 2 . The outgroup is Chlamydomonas reinhardtii. Bar, 0.05 base substitutions per site.
representative of a novel species, with the suggested name, Prototheca miyajii sp. nov. So far, IFM 53848 T is the only strain representing the novel species, and additional isolates should be targeted for investigation in the future. The higher optimal growth temperature of IFM 53848 T could be relevant to its ability to cause systemic infection, so characterization of other isolates from systemic protothecosis patients may provide further useful insights.
Description of Prototheca miyajii sp. nov.
Etymology: Prototheca miyajii (mi.ya9ji.i. N.L. gen. n. miyajii belonging to the family name of late Professor Makoto Miyaji, a prominent medical mycologist and the founder of the IFM Culture Collection, Chiba University, where the strain IFM 53848 T is deposited).
Type strain and occurrence: IFM 53848 T , isolated from a human patient with systemic protothecosis in Japan.
Diagnosis and description: Prototheca miyajii is phenotypically similar to P. wickerhamii and P. cutis, but differs by its ability to grow at 40-42 uC and its inability to assimilate fructose and lysine. Genealogically, close to P. cutis on the basis of nuclear rDNA analyses on SSU exons and the LSU D1/D2 region, but is obviously different from P. cutis on the ITS region and the MALDI-TOF MS profile. The type strain is characterized by a large SSU rDNA with four group I introns, which is different from any other known species of the genus Prototheca. 
